We present an empirical investigation of the colors of quasars in the Sloan Digital Sky Survey (SDSS) photometric system. The sample studied includes 2625 quasars with SDSS photometry : 1759 quasars found during SDSS spectroscopic commissioning and SDSS follow-up observations on other telescopes, 50 matches to FIRST quasars, 573 matches to quasars from the NASA Extragalactic Database, and 243 quasars from two or more of these sources. The quasars are distributed in a wide stripe centered on 2¡ .5 the celestial equator covering D529 deg2. Positions (accurate to and SDSS magnitudes are given for 0A .2) the 898 quasars known prior to SDSS spectroscopic commissioning. New SDSS quasars, which range in brightness from i* \ 15.39 to the photometric magnitude limit of the survey, represent an increase of over 200% in the number of known quasars in this area of the sky. The ensemble average of the observed colors of quasars in the SDSS passbands are well represented by a power-law continuum with and are close to those predicted by previous simulations. However, the contributions a l \ [0.5 ( f l P la) of the "" small blue (or j3000) bump ÏÏ and other strong emission lines have a signiÐcant e †ect upon the colors. The color-redshift relation exhibits considerable structure, which may be of use in determining photometric redshifts for quasars from their colors alone. The range of colors at a given redshift can generally be accounted for by a range in the optical spectral index with a distribution a l \ [0.5^0.65 ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ 1 Based on observations obtained with the Sloan Digital Sky Survey ; with the Apache Point Observatory 3.5 m telescope, which is owned and operated by the Astrophysics Research Consortium ; with the Hobby-Eberly Telescope, which is a joint project of the University of Texas at Austin, the Pennsylvania State University, Stanford University, Ludwig-Maximilliansand Georg-Augustwith the 2.1 m telescope at Universita t Mu nchen, Universita t Go ttingen ; Kitt Peak National Observatory ; and at the W. M. Keck Observatory, which is operated as a scientiÐc partnership among the California Institute of Technology, the University of California, and NASA and was made possible by the generous Ðnancial support of the W. M. Keck Foundation. 
INTRODUCTION
Quasar identiÐcation in multicolor surveys relies on the fact that the spectral energy distributions of stars and quasars produce di †erent colors in broadband photometric systems. At low redshift (z ¹ 2.2), the lack of a Balmer jump in quasars separates them from hot stars ; at higher redshifts the presence of the strong Lya emission line and absorption by the Lya forest cause the broadband colors of quasars to become increasingly redder with redshift (Sandage 1965 ; Green et al. 1986 ; Warren et al. 1991a ; . Historically, large area surveys have been based on photographic plates ; the limited photometric accuracy of this technique (D0.1 mag) has been one of the primary limitations of the e †ectiveness of their quasar selection.
The Sloan Digital Sky Survey (SDSS ; York et al. 2000) will survey approximately one-quarter of the celestial sphere in Ðve broad bands spanning the optical region of the spectrum. The expected photometric errors in each Ðlter are less than 5% for objects brighter than 19th magnitude ; this should allow identiÐcation of approximately 100,000 quasars. In this paper we study the photometric properties in the SDSS system of over 2600 quasars in a stripe wide 2¡ .5 centered on the celestial equator ; the total area covered is D529 deg2. Over 1700 of these objects were discovered in the past year and are examined here for the Ðrst time.
This paper acts as an empirical companion to , which presented theoretical and simulated colors of quasars and other point sources in the SDSS system. Although the SDSS photometric system is still uncertain at the few percent level, the photometry is better than has ever been accomplished previously for a large area sample of quasars. With the SDSS photometry, we can detect features in the color-redshift distribution that are smaller than the typical error in the colors of quasars from photographic surveys. Using this information, we examine a number of longstanding issues in quasar science.
Section 2 of the paper describes the observations, and in°3 we describe the catalogs that were used to construct the database for this study. In°4 we examine the observed colors of quasars and compare them with the values expected from simulations of their spectral energy distributions, and in°5 we discuss how these results will impact a number of issues, including quasar target selection in the SDSS. Finally,°6 presents our conclusions.
SDSS IMAGING
The Sloan Digital Sky Survey (York et al. 2000) will provide accurate photometry and spectroscopy for over 10,000 deg2 of sky. The optical magnitudes of detected objects are measured nearly simultaneously through Ðve broadband Ðlters (u@, g@, r@, i@, and z@ ; Fukugita et al. 1996) with nominal e †ective wavelengths of 3540, 4760, 6280, 7690 , and 9250 complete to limiting point-source magni-Ó, tudes of 22.3, 22.6, 22.7, 22.4, and 20.5, respectively (signal- to-noise ratio 5 : 1). Because the deÐnition of the photometric system is not yet Ðnalized, measured magnitudes are quoted using asterisks (u*, g*, r*, i*, and z*) to represent preliminary photometry ; the Ðlters themselves are referred to as u@, g@, r@, i@, and z@. SDSS magnitudes are based on the AB magnitude system (Oke & Gunn 1983) and are given as asinh magnitudes (Lupton et al. 1999) , which have nice properties at low Ñux limits. For objects fainter than the 5 p Ñux limit given above, the asinh magnitude will deviate from normal magnitudes. The analysis in this paper should not be a †ected by these di †erences ; however, some of the high-redshift quasars have u@ and g@ magnitudes fainter than these limits.
The survey is being done with a dedicated 2.5 m telescope (Siegmund et al. 2001) . The telescope has a wide, wellcorrected Ðeld and is equipped with a large mosaic CCD camera (Gunn et al. 1998 ) and a pair of Ðber-fed spectrographs (Uomoto et al. 2001a ). The camera utilizes 30 2048 ] 2048 CCDs which take the data in drift-scanning (time-delay-and-integrate, or TDI) mode with a total integration time of 54.1 s per Ðlter. The imaging data are obtained using the data acquisition system (Petravick et al. 1994 ; Annis et al. 2001) at the Apache Point Observatory (APO) and are automatically processed through a set of software pipelines (Kent et al. 2001 ). The photometric pipeline ) reduces the imaging data, measuring positions, magnitudes, and shape parameters for all detected objects. The photometric pipeline uses information from the astrometric pipeline (Pier et al. 2001 ) and the photometric calibration telescope (PT ; Smith et al. 2001 ; Uomoto et al. 2001b ; Tucker et al. 2001) . After Ðnal photometric calibration of the data, the outputs, together with all the observing and processing information, are loaded into the operational database (Yanny et al. 2001 ). The Ðnal parameters are stored in an object-oriented searchable database (SX ; Szalay et al. 2001) . For an explanation of SDSS technical terms used in the text, please refer to York et al. (2000) .
Preliminary analysis shows that there are di †erences between the real SDSS transmission curves and those shown by Fukugita et al. (1996) ; see Fan et al. (2001) , Appendix A, for a discussion. These di †erences are believed to be due to the fact that the Ðlters are in vacuo and are not exposed to the air. For a quasar with a typical power-law spectrum of we Ðnd that the e †ective wavelengths f l P l~0.5 of the actual 2.5 m Ðlters are 3651, 4679, 6175, 7494, and 8873 instead of 3544, 4770, 6231, 7625 , and 9135 Ó Ó , respectively, for u@, g@, r@, i@, and z@. (Since the spectral energy distribution of a quasar is di †erent from the standard stars used to deÐne the SDSS photometric system, the latter e †ective wavelengths of the passbands are di †erent from those quoted earlier.) These o †sets are quite large, but they produce only small e †ects on the measured colors of the objects discussed herein (D0.005 mag). The most current transmission curves are used in all of the analysis throughout the paper. More details on the transmission curves of the 2.5 m camera will be shown in a future paper ). Data from the imaging camera on the 2.5 m are calibrated against patches of the sky observed by the PT. The PT also observes standard stars in order to determine nightly extinction coefficients. While the quality of the current SDSS photometric data is more than adequate for our purposes, the Ðnal calibration of the SDSS system is not yet in place, due in part to the SDSS transmission curve uncertainties discussed above. However, the quality of the data in hand suggests that any changes to the quasar colorcolor and color-redshifts relations will be relatively minor and should not have a signiÐcant impact on the results presented herein.
The SDSS data analyzed herein include the photometric catalog from the four best equatorial scans that were taken between 1998 September 19 and 1999 March 22, which include data "" runs ÏÏ 94, 125, 752, and 756, as described in Table 1 . These runs were observed and processed as part of the commissioning phase of the SDSS ; they were acquired with the telescope parked on the meridian while pointed at the celestial equator. The density of previously known quasars is highest on the celestial equator, making these data particularly appropriate for this study. Runs 94 and 125 are from the south Galactic cap, whereas runs 752 and 756 are from the north Galactic cap. A fraction of the data from these runs have been re-reduced. The mean di †erence between the old magnitudes and the new magnitudes is (0.043, 0.008, 0.007, 0.006, 0.006) in (u*, g*, r*, i*, z*) coordinates. Since these di †erences are negligible, we will use the "" old ÏÏ magnitudes throughout for the sake of consistency.
QUASAR CATALOG
In order to study the colors of quasars in the SDSS photometric system, we Ðrst generated a (full-sky) master catalog of all known quasars including the newly discovered quasars from the SDSS. We then matched the equatorial SDSS photometric catalog to the equatorial regions of the master catalog. The master quasar catalog used in this study includes quasars from four distinct sources. These four subcatalogs of quasars were combined to form a larger combined catalog. The subcatalogs are described in the following sections. these objects will also appear in the other subcatalogs discussed later.
The NED catalog is a compilation of results from the literature. Any bias in the original selection of these objects will also be manifest in this sample. One of the most important selection e †ects is the deÐnition of what constitutes a quasar. Typically, quasars are deÐned to be active galactic nuclei (AGNs) brighter than km s~1
however, Seyfert galaxies, the fainter q 0 \ 0.5) ; cousins of quasars, are often included in compilations of quasars. Such objects from NED are included in our combined catalog for sake of completeness even though their colors may be contaminated by their host galaxy. See°5.5 for more on this subject.
The primary input to the NED quasar catalog is the catalog produced by Hewitt & Burbidge (1989) , hereafter HB89, which includes over 3500 quasars. As with the NED catalog, HB89 is itself a compilation from the literature. The largest uniform sample of quasars (D1000) in NED comes from the Large Bright Quasar Survey (LBQS ; Hewett et al. 1995) . Since LBQS quasars were selected from objective prism plates, the LBQS catalog may include quasars with stronger than average emission lines. Other optical quasar surveys that contribute signiÐcantly to the catalog of known quasars include the AAT Survey (Boyle et al. 1990 ), the CFHT Survey (Crampton et al. 1988) , the Second Byurakan Survey (SBS ; Stepanian et al. 1993) , and the Palomar Grism Surveys (Schneider et al. 1994 ; Schneider et al. 1999) . Not all of these surveys are color-selected surveys ; each has its own selection e †ects. The AAT survey was an ultraviolet excess (UVX) survey and is biased toward z \ 2.2. The CFHT survey used a blue "" grens ÏÏ to do slitless spectroscopy and was sensitive to z \ 3.3. The SBS survey was an objective prism survey, whereas the Palomar Grism Surveys used a grism for candidate selection and slit spectroscopy for follow-up observations. Many of the radio-detected quasars in NED come from & (1996), Ve ron-Cetty Ve ron which, like HB89, is a compilation based on a variety of sources. The brightest of these objects are 3C sources (Spinrad et al. 1985) , which are brighter than 9 Jy at 178 MHz.
FIRST
We have attempted to recover, in the SDSS data, quasars detected by the VLA FIRST Survey (Becker et al. 1995) , in particular those discovered by the FIRST Bright Quasar Survey (FBQS ; Gregg et al. 1996 ; White et al. 2000 ; ) and the FIRST Faint Quasar Survey (FFQS ; Becker et al. 1998 ). Many of the FBQS quasars also appear in the NED catalog ; however, the FBQS is an ongoing survey, so we have included these FIRST quasars explicitly. Although the SDSS will be selecting FIRST sources as quasar candidates, it is valuable to include in our sample those FIRST objects that have already been conÐrmed as quasars. As with the radio-selected quasars from NED, FIRST quasars are valuable because they have di †erent selection biases than optically selected quasars. In particular, they can be used to determine the fraction of quasars embedded in the stellar locus and to analyze the e †ects of reddening and extinction upon quasar target selection.
SDSS Spectroscopic Commissioning
The largest part of the sample comes from spectroscopic conÐrmation of quasar candidates from SDSS spectro-scopic commissioning (Uomoto et al. 2001a) . The SDSS uses two double Ðber-fed spectrographs ; each has separate red and blue cameras, with a dichroic splitting the light at D6000
The Ðbers are hand-plugged into an aluminum A . plate (640 Ðbers per plate) ; the correspondence between hole number and Ðber number is determined by an automated plate mapper. The entire Ðber, plate, and slit assembly is modular and is removed and replaced for each spectroscopic exposure.
The Ðbers subtend 3A at the focal plane. The resulting spectra cover the range from 3800 to 9200 with a A resolution of roughly 1800 over 4096 pixels. Typical exposure times are 45 minutes to an hour, broken into single exposures of 15 minutes each. Reduction on the mountain conÐrms that the signal-to-noise ratio of the faintest objects meets survey speciÐcations. The wavelength calibration is appreciably better than the speciÐcations of 0.1
The Ñux A . calibration is currently only approximate and is carried out with observations of F subdwarfs. The spectrographs are very high throughput, approaching 30% in the red ; the resulting spectra have quite high signal-to-noise ratio, of order 4 pixel~1 for objects as faint as r@ \ 20.
Quasar candidates for spectroscopy were selected by a preliminary version of the SDSS Quasar Target Selection Algorithm (Newberg et al. 2001 ; Richards et al. 2001) , which is primarily a color-selection algorithm. The primary selection criterion is that objects be outliers from the stellar locus, which means that quasars with unusual colors will be targeted. Since one of the goals of the commissioning phase of this project is to deÐne this algorithm, the quasars selected with the current algorithm cannot be considered representative of the Ðnal SDSS quasar sample, or in any way to constitute a complete sample. In particular, these are colorselected objects selected with color cuts that are not yet Ðnal (moreover, the color cuts have changed with time), and the quasars do not cover a uniform area on the sky. Nevertheless, they are extremely useful for increasing our knowledge of the colors of quasars.
Quasar candidates were observed with the SDSS Ðber spectrographs, and the data were reduced with the spectroscopic pipeline (Frieman et al. 2001) . Each of the quasar identiÐcations and redshifts were determined by visual inspection by one of us (D. E. V. B.), since the automated reduction pipelines are not yet complete. The redshifts and photometry of these 1677 objects are not included in Table  2 but will appear in 2001 as part of a public SDSS data release. A sample of 10 SDSS quasar spectra with 0 \ z \ 5 are presented in Figure 1 , in order to give the reader an idea of the quality of the spectra.
SDSS Follow-up
The remainder of the sample includes 112 quasars discovered during the course of SDSS follow-up observations using the ARC 3.5 m telescope at Apache Point Observatory, the Hobby-Eberly Telescope at McDonald Observatory, and the W. M. Keck Observatory. These observations are part of a number of follow-up projects that are underway, mostly in search of high-z quasars. Quasar candidates are selected by color and conÐrmed spectroscopically on these other telescopes in order to conÐrm objects that the SDSS spectrographs might not observe (e.g., because of faintness, Ðber spacing constraints, etc.) or that the SDSS has simply not taken a spectrum of yet. Those SDSS followup objects used in this study have been published by , Fan et al. (2000) , Schneider et al. (2000) , Zheng et al. (2000) , Fan et al. (2001), and Schneider et al. (2001) . The redshift and color distribution of this sample of quasars is summarized in the last of these references.
Nearly all of the z º 3.6 quasars in our sample are from these SDSS follow-up observations (which cover a larger area of sky than the SDSS spectroscopic commissioning plates). The selection of these quasars introduces a signiÐ-cant feature in the redshift distribution of our sample : certain regions (3 \ z \ 3.6) of color space are apparently underrepresented because of the way that high-redshift follow-up targets were selected. The selection criteria for the z º 3.6 quasars are presented by Fan et al. (2001) and references therein.
Combined Catalog
The combination of these subcatalogs results in a total of 16,446 quasars covering the entire sky, a fraction of which are in the region covered by the SDSS commissioning data from the celestial equator. The distribution of quasars is as follows : 12,987 are from the NASA Extragalactic Database (NED), 941 are FIRST quasars, and 2518 were discovered or recovered as part of the SDSS. The quasars found using SDSS data are from both the spectroscopic commissioning data (2406 quasars) and from SDSS follow-up observations using other telescopes (112 quasars).
In order to create a combined catalog that includes each quasar only once, the NED, FIRST, and SDSS subcatalogs were compared with each other. Quasars in more than one catalog whose positions agreed to 5A or better, whose redshifts agreed to *z \ 0.1 or better, and whose di †erential magnitude di †ered by less than 3.5 mag were considered to be matches. In all, 508 quasars were found in more than one catalog of quasars, resulting in a total of 15,938 unique quasars in the full-sky catalog.
SDSS Matches to the Combined Catalog
In four SDSS equatorial scans studied, 2625 previously known or recently discovered quasars from the combined full-sky catalog of 15,938 quasars are found in the SDSS database. Quasars from the combined catalog were considered to be matches to the SDSS database if the positions of the quasars and the SDSS objects agreed to better than 3A, and the agreement between the cataloged magnitudes and the SDSS magnitudes was reasonable (rms of the di †er-ence between the predicted and observed g@ and r@ magnitudes less than 2 mag, where the predicted SDSS magnitudes have been computed by transforming the published magnitude to the SDSS system assuming a spectral index of The SDSS astrometry is good to a l \ [0.5). or better per coordinate. See Finlator et al. (2000) , 0A .2 Figure 2 , for a comparison of the SDSS astrometry that demonstrates this level of accuracy. An additional 235 known quasars had potential matches, but the positions disagreed by more than 3A. Many of these matches with large positional discrepancies may be correct, but in order to avoid contamination of the empirical colors studies herein, we do not include these in our analysis.
Of these 2625 quasars, 801 are from NED (573 unique), 92 are from FIRST (50 unique), and 1983 quasars are from SDSS data (1759 unique). A total of 243 quasars were found in more than one of the above catalogs. There are more NED quasars in the area covered by these four runs ; however, only these 801 had NED coordinates and photo- metry accurate enough to ensure that the matches to SDSS objects are correct. A more detailed (and labor intensive !) analysis would allow for the matching of additional known quasars and for the correction of their published coordinates. A histogram of the redshift distribution of all 2625 quasars is given in Figure 2 . There is a noticeable lack of quasars between z \ 2.5 and z \ 3.6, since the density of quasars at z º 2.5 is declining, and the follow-up observations speciÐcally target quasars at z º 3.6. The new SDSS quasars represent over a factor of two increase in the density of known quasars on the celestial equator.
The di †erence between the input magnitude (typically, but not always, and the measured g* magnitude for the B J ) NED and FIRST sources are plotted as a function of g* in Figure 3 . This plot enables us to check the accuracy of the cataloged magnitudes and to look for variability (e.g., Francis 1996) . Photometry and astrometry for all previously published quasars (including SDSS quasars dis- covered during follow-up observations) is presented in Table 2 . Data on the 1677 new SDSS quasars will be published separately as part of an official SDSS data release. Data on the 50 FIRST equatorial quasars was kindly provided in advance of publication by R. Becker and will be presented by . The columns in (1) is the name of the quasar. Column (2) is the redshift. The right ascension and declination as measured by the SDSS are given as J2000.0 coordinates in columns (3) and (4). The di †erence between the SDSS position and the cataloged position is given in column (5) in units of arcseconds. Columns (6) through (10) give the measured magnitudes and errors in the Ðve SDSS passbands. Errors are photometric errors only and do not include systematic errors, which are on the order of 0.03 mag.
Reddening corrections have not been applied, but the reddening vector in E(g*[r*) (as determined from Schlegel, Finkbeiner, & Davis 1998 ) is given in (11). The last column indicates the source catalog of each object. A "" 1 ÏÏ indicates that the object is in the NED catalog. SDSS quasars discovered during follow-up observations are represented by a "" 2.ÏÏ Objects found in more than one catalog are so indicated. Three quasars were both NED and SDSS sources, and had large discrepancies in their redshifts as reported by NED. The following quasars from NED have incorrect redshifts : UM 203, UM 183, and UM 427. Their correct redshifts as derived from SDSS spectroscopic commissioning data are 1.47, 1.14, and 1.69, respectively. We further note that PC 0036]0032 (z \ 4.51) is not included because it is improperly classiÐed by NED as a galaxy. Since not all previously known quasars in this area of the sky have new SDSS spectra, it is likely that there are other known quasars in this region with incorrect redshifts or that are misclassiÐed.
QUASAR COLORS
We present SDSS quasar color-color diagrams in Figure  4 , where we plot (u*[g*, g*[r*), (g*[r*, r*[i*), and (r*[i*, i*[z*), respectively. The black points and black contours are 10,000 stellar sources brighter than i* \ 19 taken from the run 745 data [Galactic (l, b) \ (248¡, 48¡) to (18¡, 27¡)], which covers approximately the same region of space as run 756. The color points are the quasars, colorcoded according to their redshifts : blue points are lowredshift quasars, and red points are high-redshift quasars. Only quasars whose errors are small (¹0.2 mag each of the three relevant bands) are plotted. The solid black line is the median color-color track of the entire sample. The average Galactic reddening and an extragalactic (internal) reddening vector (deÐned in°5.1) are also plotted in the bottom right-hand corner of each panel in Figure 4 . In each case, the uppermost vector is the average Galactic reddening vector. Throughout the paper all Ðgures and tables (except Table 2 ) use magnitudes and colors that have been dereddened using the reddening maps of Schlegel et al. (1998) .
The broadband SDSS colors of quasars as a function of redshift are presented in tabular form in Table 3 and in graphical form in Figure 5 . Only quasars whose errors are less than 0.1 mag (10 p detections) in each of the magnitudes that contribute to a given color are included. In each redshift bin, we measure the median colors of the quasars, as well as the limits within which 95% of the quasars lie, which we hereafter refer to as "" conÐdence limits.ÏÏ Table 3 gives the median and 95% conÐdence limits of the dereddened colors of quasars in the redshift bins given, plus the number of quasars per bin. In Figure 5 , the black dots are point sources as seen by SDSS, whereas magenta dots are extended sources (i.e., the proÐle is not suitably described by FIG. 4 .ÈSDSS color-color diagrams for 2625 quasars (color points) and 10,000 stars (black points and black contours). Only objects with errors less than 0.2 mag in each band are shown. Quasar points are coded as a function of redshift, where the redshift is given by the color as indicated in the legend. The long solid black lines are the median color-color tracks of the quasars. Galactic (upper) and extragalactic (lower) reddening vectors are given in the bottom right-hand corner of each panel, where the Galactic reddening vector is the mean over the whole sample.
a point-spread function, as determined by the SDSS photometric pipeline) with z ¹ 0.6. The solid light blue line is the median color-redshift vector for these quasars in redshift bins of size *z \ 0.05 from z \ 0.05 to z \ 2.1, as reported in Table 3 . Starting with z \ 2.2 the bin size is *z \ 0.2 ; the z \ 2.2 bin partially overlaps the z \ 2.1 bin. The median color-redshift relation in Figure 5 is smoothed by 50% of the bin size for plotting purposes. We use the median to describe the color-redshift vector rather than a mean, since the median is less sensitive to outliers. The dashed red line is similar to the median color-redshift track from ; see°4.4 for further discussion. Two vectors are plotted as solid lines in the bottom right-hand corner of each panel.
The one on the left shows the magnitude of typical Galactic reddening, whereas the one on the right is representative of the change in color due to extragalactic reddening. These are the same vectors as in Figure 4 . We discuss reddening in further detail in°5.1.
The high quality of the data is quite apparent in Figure 4 and can be compared with similar graphs using photometry from photographic plates (e.g., Warren et al. 1991b ; Irwin et al. 1991) . The tightness of the stellar locus is a result of the high-quality CCD photometry. Clearly, more accurate photometric data allow quasars to be found more easily. A lack of color degeneracy in the quasar colors as a function of redshift is apparent in the color-color (Fig. 4) and the color-redshift diagrams (Fig. 5) . Quasars with similar redshifts tend to have the same colors, whereas quasars with di †erent redshifts occupy di †erent places in color space. The fact that there is so much structure in the color-redshift relation and that the scatter in the colors at a given redshift is reasonably small may allow for the determination of photometric redshifts for quasars (Richards et al. 2000) . Photometric redshifts are now common practice for galaxies (e.g., et al. 2000) and have recently become Budava ri possible for quasars (Wolf et al. 2000) . a Color at the 95% conÐdence limit to the blue of the median. b Color at the 95% conÐdence limit to the red of the median. 
T heoretical Colors
We begin our analysis with a discussion of the expected colors of quasars in the SDSS photometric system. For a general introduction on the subject see Fan & Chen (1994) and Warren et al. (1994 for a discussion speciÐc to the SDSS. To Ðrst order, the spectra of quasars can be characterized as a power law. A power-law spectrum has the convenient property that it has the same color at any redshift. The color of an object with Ñux density f (l) is given by
where and are the throughput of the system in S 1 (l) S 2 (l) each bandpass (for a photon counting system). For the SDSS photometric system, there is no additive constant since the SDSS magnitudes are on the AB system (Oke & Gunn 1983 ; Fukugita et al. 1996) . This lack of an additive constant is in contrast with the UBV RI system, which is Vega based ; the computation of colors in the UBV RI system requires a correction for the fact that the spectrum of Vega is not perfectly Ñat in For a Ñat-spectrum source f l . the colors in an AB system are always 0. Table 4 (a l \ 0), gives the expected SDSS colors for a range of spectral indices. The spectral indices are given in both frequency and wavelength units, where and are deÐned such that a j a l and Expected colors for a j \ [(2 ] a l ), f l P lal f j P jaj. other spectral indices can be interpolated or extrapolated from those given in Table 4 .
From Figure 5 it is clear that the colors of quasars are not strictly power laws ; however, the average colors are consistent with the input power-law distribution of Fan (1999), Whereas the power-law index of the a l \ [0.5^0.3. quasar spectrum sets the average colors of a quasar, the colors will deviate from this value as a result of emission and absorption features (e.g., the Lya forest). To identify the nature of these discrepancies, we turn to an analysis of the expected colors of quasars using a composite SDSS quasar spectrum convolved with the SDSS transmission curves.
Composite Spectrum Colors
A composite quasar spectrum has been constructed from the early SDSS spectroscopic commissioning spectra (Vanden Berk et al. 2000 ; Vanden Berk et al. 2001) . The composite spectrum extends from 1050 to 7000 in the rest Ó frame. We have convolved this spectrum with the most recent SDSS transmission curves (Fan et al. 2001 , Appendix A). The resulting color-redshift tracks for the composite spectrum are presented in Figure 6 .
In Figure 6 the solid blue line is the color-redshift track of the composite spectrum. For comparison, we also replot the empirical median color-redshift tracks from Figure 5 (solid black line) and the expected colors from a power-law spectrum of the form (dashed black line ; see Table 4 ). f l P l~0.5 The remaining lines in Figure 6 show what happens when a given emission feature is cut out of the composite spectrum and is replaced with a power law ; i.e., each emission line is removed from the composite spectrum, and then the Ñux values in the wavelength range removed are replaced by a power-law spectrum of the form normalized at f l P l~0.3 1450 which is a good Ðt to the composite spectrum Ó, (Vanden Berk et al. 2000 ; Vanden Berk et al. 2001) . A small additive constant was also required to make the spliced region Ðt into the spectrum cleanly. Since the strength of the Lya forest is a function of redshift and because the composite does not cover the entire optical spectrum for 0 \ z \ 5, the ends of the composite spectrum are padded with the average value between 1050 and 1150 at the blue end, and Ó 7000 and 8000 at the red end. As a result, the absolute Ó colors may not be accurate in the blue colors at high redshift and in the red colors at low redshift. Figure 6 displays what happens when Lya, C IV, Mg II, Hb, Ha, or the small blue (j3000) bump (SBB) are removed. In°4.4, we will demonstrate the e †ect that a strong emission line has on the colors of an otherwise power-law spectrum. A knowledge of this e †ect is helpful to understanding the results in the next section.
Empirical Colors
The color-redshift relations of quasars in the SDSS bandpasses exhibit considerable structure. We attempt to describe the causes of the features in the color-redshift diagrams. Features in the color-redshift relations are identiÐed by comparing the results from the composite spectrum above (Fig. 6 ) with the measured colors of quasars (Fig. 5) . All colors used for this analysis are dereddened colors. The emission lines that signiÐcantly a †ect the broadband colors include Lya, C IV, Mg II, Ha, Hb, and the j3000 bump. The j3000 bump consists of Balmer continuum emission and Fe II emission features (Grandi 1982 ; Peterson 1997 ). The feature starts at approximately 2300 and extends to Ó approximately 3800
The Mg II emission line is nearly Ó. centered between these ranges and contributes signiÐcantly to color changes as a function of redshift since it sits on top of the j3000 bump.
We identify each of the signiÐcant features in the colorredshift curves. Many of the features in the color-redshift relation are caused by more than one feature in the quasar spectrum interacting with the transmission curves. A more detailed understanding of the causes of deviations from power-law colors can be obtained by comparing Figure 6 with Figure 5 . Understanding the causes of the colorredshift features is interesting in and of itself, but also is helpful for determining sample completeness for objects with particularly weak or strong emission features.
4.3.1. u@[g@ z D 0.1 to 0.4.ÈThe colors in this region of redshift have a considerable range ; the range is much larger than for the redder SDSS colors. A comparison of the composite spectrum colors with the composite spectrum colors without the j3000 bump reveals that some of this range could be due to objects having a wide range of j3000 bump strengths, but see°5.1 for another explanation. z D 0.3.ÈThe j3000 bump and Mg II are in u@ and cause the color to be blue.
z D 0.6.ÈThe j3000 bump and Mg II are in g@, making the color red. z D 1.3.ÈC IV is in u@ and shifts the color to the blue. z D 1.6.ÈLya is entering u@, while C IV is leaving u@ and entering g@. z D 1.9.ÈLya is in u@, but the e †ect is tempered by the presence of C IV in g@. The strength of Lya dominates nevertheless, causing a blue dip.
z D 2.3 to 2.4.ÈA small plateau-like feature is caused as C IV leaves g@ shortly after Lya enters g@.
z [ 2.6.ÈThe u@[g@ color rises rapidly as the Lya forest and Lyman-limit systems cause there to be little or no Ñux in the u@ band. z D 0.5.ÈThe j3000 bump is mostly in g@, causing the color to be blue. As with the z \ 0.4 region in u@[g@, there is evidence for a population of redder objects.
z D 1.2.ÈThe combination of Mg II and the j3000 bump in r@ cause a reddening near this redshift.
z D 1.75.ÈThe j3000 bump and C IV o †set each other as the latter enters g@ and the former leaves r@. z D 2.1.ÈThe presence of C IV in g@ keeps the color bluer than a power law.
z D 2.5 to 3.5.ÈThe C IV line pushes the color to the red, whereas Lya pushes the color to the blue. As the redshift increases more and more of the Lya forest enters g@, and the color reddens.
z [ 4.0.ÈThe g@[r@ color rises rapidly as the Lya forest and Lyman-limit systems cause there to be little or no Ñux in the g@ band. z D 0.9.ÈThe j3000 bump Ðlls the r@ Ðlter making the color bluer. z D 1.2.ÈA small kink in the median colors is noticeable here as the j3000 bump and Mg II trade o † in inÑuence in the r@ Ðlter.
z D 1.4 to 1.5.ÈThe color makes a sharp transition from blue to red as Mg II leaves r@ and enters i@. z D 1.65.ÈA small kink in the median colors is noticeable here as the j3000 bump and Mg II trade o † in inÑuence in the i@ Ðlter.
z D 1.8.ÈA small hump is caused as both Mg II and the j3000 bump push the color redward.
z D 2.0 to 2.5.ÈThe color is driven back to the blue as the j3000 bump leaves i@.
z D 2.6 to 3.4.ÈC IV keeps the color blue, when it would otherwise have reddened.
z D 3.4 to 4.4.ÈLya and C IV o †set each other during the period when the former is in r@ and the latter is in i@.
z [ 4.5.ÈThe r@[i@ color rises rapidly as the Lya forest and Lyman-limit systems cause there to be little or no Ñux in the r@ band. z D 0.6.ÈHb is in i@, whereas Ha is leaving z@, resulting in a blue color. z D 0.8.ÈHb has moved into z@ and causes the color to become redder. z D 1.2.ÈThe j3000 bump in i@ drives the color blueward. z D 1.9 to 2.1.ÈMg II moves from i@ to z@, causing an abrupt reddening.
z D 2.1 to 2.5.ÈAs with the z D 1.7 feature in r@[i@, a small red hump is formed as both Mg II and the j3000 bump push the color to the red.
z D 3.4 to 4.2.ÈC IV keeps the color bluer than the average power-law color.
z D 4.4 to 5.0.ÈLya and C IV o †set each other as C IV pushes the color redward at the same time that Lya pushes the color blueward.
Comparison of Expected and Measured Colors
To characterize the di †erences between the expected colors of a power law and the empirical colors of quasars, it is instructive to know what e †ect the proÐle of a strong emission line has on the colors of quasars as the line is redshifted through each of the Ðlters. A broad feature, such as is characterized by Fe II emission, has a similar proÐle, although the slope of the color change between bandpasses is less striking. It is particularly interesting that a relatively weak, but broad, emission features such as the Fe II complexes can have an equal e †ect to that of strong, narrow emission feature such as Lya. The total equivalent width within the bandpass matters much more than the manner in which that equivalent width is distributed, since the bandpasses are broad. For example, note the similarity of the r*[i* colors from z \ 0.6 to z \ 2.4 and the i*[z* colors from z \ 0.8 to z \ 3.0 in Figure 5 to the r@[i@ and i@[z@ shapes, respectively, in Figure 7 . These features are produced by a combination of the j3000 bump and Mg II emission.
One of the most powerful uses of this analysis is the reÐnement of the simulated quasar spectrum, which, in turn, tells us about the empirical properties (spectral indices, emission line equivalent widths, etc.) of quasars. calculated theoretical colors of quasars in the SDSS Ðlter system as a function of redshift. Although these simulated colors are correct to Ðrst order (they correctly reproduce the colors of quasars on the ensemble average), there are deviations from the average that have a signiÐcant impact upon the colors of quasars as a function of redshift. The simulated quasar color-redshift track shown in Figure 5 is similar to that of , but uses a larger equivalent width for the Fe II features and the updated Ðlter curves. This theoretical color-redshift relation matches the observed color-redshift relation surprisingly well. While the simulation does indeed Ðt the data quite well, there are still regions of color-redshift space where the simulations and the data do not agree well.
T he j3000 Bump
One piece of information that we can glean from a comparison of the simulated color-redshift tracks with the observed tracks is the structure of the j3000 bump. The quality of the digital photometry provided by the SDSS allows us to determine the structure of this spectral feature without having to examine any spectra. Such an analysis is of particular interest given the role that the j3000 bump plays in the spectra of quasars (Netzer et al. 1985) .
Some of the most notable deviations of the empirical colors from the simulated colors occur at z \ 1.0 and z \ 1.4 in r*[i* and i*[z*, respectively. The sharp break in the simulated colors from Figure 5 is caused by the fact that the Fe II emission surrounding the Mg II emission line has been modeled as two distinct features following Francis et al. (1991) . However, a comparison with the empirical color-redshift track shows that the two bumps on either side of Mg II actually combine to form an apparent continuum, such that Mg II lies well above the power-law continuum level. As a result, the regions surrounding Mg II emission are not representative of the power-law continuum spectrum. In addition to the merging of what Francis et al. (1991) call "" Fe II feature 2 ÏÏ and "" Fe II feature 3 ÏÏ, it is also quite possible that "" Fe II feature 1 ÏÏ (longward of C IV emission) merges with both of these and that the dip near 2200 in the Ñux of composite quasar spectra is caused by Ó dust (Richstone & Schmidt 1980 ; but see Oke et al. 1984 for a counter-argument).
The e †ect of the j3000 bump at z ¹ 0.6 is also quite evident. For r*[i* and i*[z* the colors of quasars are very tight at z ¹ 0.6. There is considerable variation as a function of redshift, but very little scatter at a given redshift. This is not the case for u*[g* and g*[r*, where there is a large range of colors. A possible explanation is that quasars can exhibit a broad range of strength in the j3000 bump at low redshifts. A closer examination of the deÐnition of a quasar at low redshift is warranted (see°5.5 for more details and another possible explanation).
C IV
There are signiÐcant di †erences between the simulated and measured colors of quasars in the redshift ranges a †ected by C IV. Note in particular the z D 1.3 region in the u*[g* panel and the z D 2.1 region in the g*[r* panel of Figures 5 and 6 . A possible explanation for these discrepancies is that the assumed equivalent width for C IV is considerably smaller than the average equivalent width of C IV in our sample. This is surprising because the C IV equivalent width in the simulation is taken from the LBQS composite quasar spectrum (Francis et al. 1991) , and LBQS quasars contribute signiÐcantly to our sample. However, as with Mg II and the j3000 bump, C IV may be inÑuenced by other emission, in particular lines of Fe II (1700 to 2200
He II Ó), j1640, and O III] j1663. To the extent that these lines are missing from the simulations, the simulations will deviate from the empirical colors.
Ha
A particularly useful diagnostic can be made from the e †ect of Ha on the broadband colors of SDSS quasars. That this is the case can be seen at z D 0.2 in the i*[z* of Figure  5 . The deviation of the simulated colors of from the observed colors is caused by the fact that the simulations used the original transmission curves. It is now known that the true transmission curves deviate somewhat from those originally reported (Fan et al. 2001) . The sharpness of the color-redshift feature in i*[z* due to Ha can be used as a diagnostic throughout the course of the survey. Small changes in the transmission curves can be monitored as a function of time and as a function of CCD chip in the camera.
DISCUSSION
The primary purpose of this investigation of the empirical colors of quasars in the SDSS photometric system is to aid in the selection of quasars for spectroscopic observations during the course of the Sloan Digital Sky Survey. There are a number of complex issues involved in the selection of quasars in the most complete and efficient manner. The data presented herein provides a wealth of information that can be used to address a number of topics. We now turn to a discussion of some of the more important issues.
Reddening
Although the photometry presented herein has been corrected for Galactic reddening using the reddening maps of Schlegel et al. (1998) , it is important to understand how much e †ect Galactic reddening has on the colors of quasars. The average Galactic reddening vector for the quasars in our sample is (0.055, 0.042, 0.027, 0.024) in (u*[g*, g*[r*, r*[i*, i*[z*) coordinates. These vectors are plotted to scale as the leftmost of the two vectors in the lower righthand corner of the color-redshift curves in Figure 5 and the uppermost of the two vectors in the lower right-hand corner of the color-color plots in Figure 4 . At low Galactic latitudes, Galactic reddening can be considerably more signiÐ-cant (see , Fig. 5 ).
In contrast to Galactic reddening, little is known about intergalactic reddening and reddening internal to quasars. Although it has been suggested that a signiÐcant fraction of quasars may be reddened and therefore missed in Ñux-limited surveys (e.g., Fall & Pei 1993 ; Francis et al. 1999) , it is difficult to know exactly how prevalent internal reddening is and to what extent it e †ects the broadband colors of quasars. Close examination of the color-redshift relations in Figure 5 reveals that the spread in colors around the median color as a function of redshift is much larger for u*[g* than for the other colors. Moreover, the scatter is asymmetric, in the sense expected for reddening.
To quantify this e †ect, we subtract the median colors given in Table 3 at each redshift from the colors of the quasars shown in Figure 5 (i.e., those with small photometric errors) with 0.4 \ z \ 3.0 and examine the residual colors. Quasars that are classiÐed as extended (as opposed to point sources) are excluded to avoid contamination from the host galaxy. Low-redshift objects are excluded to avoid confusion with Seyfert galaxies. High-redshift objects are excluded because of a relative paucity of data. Histograms of the residual colors are given in Figure 8 . Note the red tail in the distribution of u*[g* and, to a lesser extent, g*[r*. In order to determine the cause of this tail, we have created additional diagnostic plots.
The residual colors are plotted as a function of magnitude in the four panels of Figure 9 , as a function of redshift in the four panels of Figure 10 and as a function of absolute magnitude km s~1 Mpc~1) in Figure 11 . (q 0 \ 0.5, H 0 \ 65 Except for Figures 10 and 11, Figures 8 to 12 exclude all quasars with z \ 0.4. Two sigma error bars for objects with magnitude 20 (in the bandpass given) are plotted in Figure  9 . Note that the scatter blueward of the median colors (4 0) for each pair of Ðlters is less than the amount of scatter redward of the median colors. This scatter increases toward the red with fainter magnitudes, is more pronounced in the bluer colors, and is independent of redshift.
Such an e †ect is quite likely the result of reddening of the quasars, either external or internal, but certainly extragalactic ; the fact that the reddening is independent of redshift points toward internal reddening over external reddening, since external reddening would depend on the volume of space enclosed at a given redshift. Table 5 gives the blue and the red one-sided 95% conÐdence deviations in each of the median-corrected colors for those objects brighter than i* \ 21 and whose errors in each band are less than 0.1 mag. Also given are the corresponding values of spectral index.
We further demonstrate the reddening of some objects in Figure 12 where we plot the corrected colors against each other ; typical errors are given in the top right-hand corner of each panel. The vector in each of the panels is the absolute value of the blue 95% conÐdence limit from Table 5 . Objects whose red color excess is comparable to or larger than the absolute value of the blue 95% conÐdence limit given in Table 5 show signs of reddening beyond what is expected from Galactic dust. The di †erence between the absolute value of the blue 95% conÐdence limit given in Table 5 and the red 95% conÐdence limit given in Table 5 yields an estimate of the amount of extragalactic reddening. The resulting vector (0.193, 0.129, 0.037, 0.038 ) is the extragalactic reddening vector used in Figures 4 and 5. This vector is similar in direction to the Galactic reddening vector.
We have deÐned a sample of 26 "" reddened ÏÏ quasars, which are those quasars whose red color excess in u*[g*, g*[r*, and r*[i* lies outside the blue 95% conÐdence interval. Nearly half of these are radio sources, as we discuss below in°5.3. Some examples of these "" red ÏÏ quasars are given in Figure 13 , which presents 10 of the 20 red quasars for which we have SDSS spectra. We show these spectra in order to demonstrate that these objects are truly redder than the average and are not simply the result of photometric errors, etc. Note that these spectra contain some broad absorption line (BAL) quasars, and many have strong, narrow absorption lines. These spectra can be compared with those presented in Figure 1 , which shows the spectra of 10 more normal SDSS quasars spanning a range in redshift from z D 0 to z D 5.
The extent of the reddening in these quasars is a function of the assumed reddening curve. Whether the reddening is internal or external, features such as the j2200 bump (Mathis 1994), which is typically associated with reddening from dust grains, may inÑuence the colors in a nonlinear manner. If the reddening is internal, it may come from depletion by material associated with the torus of gas and dust that is thought to surround the central quasar engine ; if this is the case, reddening might be used as an orientation indicator for quasars that are not radio detected. Reddening might also arise in the quasar host galaxy or in other galaxies along the line of sight.
Reddened quasars can have colors that can be well removed from the predicted location of quasars in colorcolor space. Color-selected surveys may select against such quasars. Note in particular the dearth of faint red quasars in the tope right-hand panel of Figure 9 . If there is a signiÐcant population of reddened quasars, they may constitute the optical counterparts of the remainder of the hard X-ray background that have hitherto gone undetected (Brandt et al. 2000 ; Mushotzky et al. 2000) . Table 5 gives the blue and red one-sided range in spectral index (95% conÐdence) needed to produce the observed range of colors. If the blueward scatter in the colors is representative of the true (unreddened) scatter in optical spectral index, the spectral index distribution of the sample is approximately (95% conÐdence), where the a l \^0.65 error gives the range of values that includes 95% of sources with colors bluer than zero. Note that we have not determined the average spectral index from the data, but instead use which is typically used for the optical speca l \ [0.5, tral indices of quasars and is not a bad Ðt to the data (Vanden Berk et al. 2001) . A determination of the exact value of the average spectral index would require a large region of quasar spectra to be devoid of emission lines, which is not the case in the UV/optical part of the spectrum.
Spectral Index Distribution
Another conclusion that may be drawn from Figure 10 is that the scatter in the colors of quasars at a given redshift must be primarily due to the range of optical spectral indices of the individual quasars. If the scatter in the colors was instead dominated by the strength of emission lines, then we would expect that this scatter would be a stronger function of redshift. In addition, as noted by Warren et al. (1994) , a large intrinsic range of quasar spectral indices will blur the calculations of the luminosity function. Extrapolation of a magnitude to a di †erent band using the wrong spectral index will give the wrong magnitude in the new band. For the observed range of spectral indices, the range of absolute g* magnitudes at z \ 2 given a selection function based on observed i* magnitudes is *M g@ \ 0.89.
Radio Sources
Although the vast majority of the quasars that the SDSS Ðnds will be color-selected quasars, many will be radioselected. All FIRST sources with pointlike optical counterparts and i* \ 19 will be targeted as quasar candidates. Targeting these radio-detected sources will assist in the determination of the completeness of our color-selected sample ; using these objects, we will be able to test whether a signiÐcant fraction of quasars is being missed. At the present time, however, our sample of radio-detected quasars is not large enough to determine if the color-redshift distribution of these quasars are signiÐcantly di †erent from that of color-selected objects.
We can, however, comment on the ensemble average of the colors of these quasars. For radio sources only, the blue scatter in the median corrected colors is consistent with scatter of^0.64 in the spectral index (95% conÐdence). The scatter of the colors to the blue is not signiÐcantly di †erent from the distribution of the sample as a whole. On the other hand, the 95% conÐdence limit in the red scatter requires spectral indices redder than which is considera l \ [1.5, ably redder than the sample as a whole. This result is consistent with the fact that many (12 of 26) of the reddened quasars discussed above are FIRST radio sources.
UV X Color Selection
Since the colors of z \ 2.2 quasars are dominated by the continuum power-law spectrum, it is expected that the UVX selection technique for these quasars should be relatively complete, i.e., their median colors are generally signiÐcantly bluer than the u@[g@ selection criterion. However, from Figure 5 we see that the u*[g* color of z ¹ 2.2 quasars can, in fact, be as red as or redder than u*[g* D 0.6. Quasars with z D 0.1, 0.6, 1.6, and 2.2 can have colors close to the UVX cuto †. As such, it is not possible to assume that the UVX technique is complete. Fluxlimited samples will indeed be incomplete near the Ñux limit as a result of larger scatter in the colors at the faint end of the distribution, and this incompleteness is a function of redshift. For example, Hawkins & Veron (1993) have suggested that the fall-o † in the number density of faint quasars as found by UVX quasar surveys such as Boyle et al. (1988) could be a result of this e †ect. One way to test this is to conduct a survey of faint quasar candidates to a limiting g@ magnitude of D22 (comparable to previous surveys) and compare the luminosity function of quasars in redshift regimes where median u@[g@ colors are much bluer than the UVX cuto † with those quasars in redshift regimes where median u@[g@ colors are very close to the UVX cuto †. Such a project would have to be conducted as a follow-up study to the SDSS using the data from the SDSS equatorial region in the south Galactic cap which will be imaged multiple times.
Additional problems with UVX quasar selection arise as a result of the colors of stars. At very bright magnitudes (g* D 16) there is very little stellar contamination in the UVX regime. However, at fainter limits, there is signiÐcant contamination of UVX quasars by stars, due to the metalpoor halo population. Figure 14 plots a color-magnitude diagram of blue stellar sources (black contours and black points) from run 756, camera column 3. At the bright end, the majority of the blue objects will be quasars, with some contamination from white dwarfs. As g* gets fainter, there are more and more stars that have blue colors. This is partly due to increasing photometric error at fainter magnitudes, but it is also likely to be the result of shifts in the stellar locus as a function of magnitude (and therefore metallicity) as discussed by Newberg et al. (1999) and Finlator et al. (2000). The blue extension of the contours would only be half as large if the observed e †ect was purely due to larger photometric errors at fainter magnitudes. The horizontal line in Figure 14 gives the g* magnitude for a limiting magnitude of i* \ 19 assuming a power-law spectrum of a l \ [0.5. The vertical line gives an approximate cuto † for UVX color selection (the actual SDSS color selection is done in three-dimensional color space and does not use this cut explicitly). To the limiting magnitude of the low-z SDSS quasar survey (i* D 19), the shifting of the stellar locus as a function of metallicity should have little e †ect upon the efficiency of quasar target selection at z ¹ 2.2.
Futhermore, it is important to realize that the limiting magnitude of a sample is a function of the color of the sources. For example, note the decrease in faint, red sources in Figure 14 . This dearth is a result of the fact that objects selected to g* \ 22, must be bluer than u*[g* \ 0.3 in order to be brighter than the u* "" plate limit ÏÏ of u* D 22.3. Thus a sample that includes objects as red as u*[g* \ 0.8 can only be considered to be complete to g* \ 21.5.
Extended Objects
One of the many interesting questions that we can address with the SDSS quasar sample is whether quasars and Seyferts form a continuum or whether they represent physically distinct classes of objects. To address this issue it is necessary to target both point sources and extended sources when looking for quasars ; the SDSS quasar target selection algorithm will not explicitly distinguish between quasars and Seyferts. However, it is equally important that we not target too many normal galaxies during the process of looking for quasars. As such, we must understand what regions of color space are populated by quasars with unresolved image proÐles.
In our sample, extended source quasars are typically redder than point source quasars by D0.2 in both u*[g* and g*[r*. In r*[i* and i*[z* the colors of extended and point sources are more similar. That this is the case can be seen in Figure 5 , where we plot as magenta points those z ¹ 0.6 "" quasars ÏÏ that are Ñagged as extended objects in the SDSS database. The discrepancy in colors could have a number of origins, the most likely is that the extended sources are redder in the blue colors because of contamination from starlight from the quasar host galaxies. Such an e †ect could also be due to the strength of the small blue bump in low-redshift AGNs ; we intend to investigate this possibility in future spectroscopic samples. Another possibility is that high-luminosity AGNs are more able to blow Table 5. away dust in their vicinity and are therefore not as reddened. The SDSS sample will eventually cover enough area to assemble a large sample of high-luminosity lowredshift quasars, for comparison with the far more numerous low-luminosity low-redshift quasars. This will allow us to directly test the hypotheses of host galaxy contamination and luminosity-or redshift-dependent reddening.
We further investigate these possibilities by studying the colors of the objects in our sample as a function of absolute g* magnitude. Seyferts are typically deÐned as AGNs that are fainter than and have broad emission lines. M B \ [23 Whether or not this deÐnition represents a distinction between two physically separate classes of objects is not at all clear (Schmidt & Green 1983 It is an open question whether a population of "" quasar 2s ÏÏ exists with space density relative to normal quasars comparable to the relative space density of Seyfert 2s and Seyfert 1s. If not, this may represent a physical, luminosity-dependent di †erence between these classes of objects. Throughout, we refer to Seyfert 1s simply as Seyfert galaxies.
The problem with using as the dividing line M B \ [23 between quasars and Seyferts is that in any single survey with an optical Ñux limit, it is predominantly a division in redshift. At high redshift, the limiting magnitude of a sample causes a selection e †ect such that only quasars that are intrinsically bright are found. At low redshift, intrinsically faint objects are bright enough to make it into the sample ; however, the volume of space sampled is so small that very few intrinsically bright objects are found. A selection criterion based on absolute magnitude is therefore essentially a redshift cut.
We test to see whether the traditional dividing line between quasars and Seyferts is appropriate and, if so, physical. If there exists a correlation between the absolute magnitude and the median-corrected colors, then it might be possible to use colors to discriminate quasars from Seyferts. We ask if there is any such evidence that the colors of quasars are a function of absolute magnitude.
The average absolute magnitude of quasars in our sample is a steep function of redshift for z \ 1, so we cannot simply ask if the colors of all z \ 1 quasars are a function of absolute magnitude. However, if we limit ourselves to small regions of redshift space, then we can assume that the average absolute magnitude is not changing across the (small) redshift bin. We have broken our low-redshift data set into redshift slices of *z \ 0.1 from z \ 0.1 to z \ 0.6. fainter sources have a larger fraction of their light coming from the stars of the host galaxy. No such color-magnitude correlation is seen for a control sample of higher luminosity objects at higher redshift, again as expected if host galaxy contamination is the cause.
We conclude the following from Figure 15 . Quasars and Seyfert galaxies form a continuum of properties. There is no apparent break in the color properties of quasars as function of absolute magnitude that would suggest a real physical di †erence between quasars and Seyfert galaxies. However, we do Ðnd that a cut in absolute magnitude at or near does exclude most of the extended sources M g* B [23 from the quasar sample and that extended sources are signiÐcantly redder than point sources (in the blue colors). This distinction might be due to a physical di †erence in the strength of the j3000 bump between Seyferts and quasars, or due to the fact that the former have a larger contribution from their host galaxies. Arguing against the latter is the fact that the correlation between color and absolute magnitude holds for unresolved objects as well. More work is required to fully understand Figure 15 and what it says about the di †erences between low-and high-luminosity AGNs.
CONCLUSIONS
We have presented an empirical investigation of the colors of 2625 quasars (0.04 ¹ z ¹ 5.28) in the SDSS photometric system. The number of quasars with accurate photometry that will result from the Sloan Digital Sky Survey will spur signiÐcant advances in quasar science in the coming years. The quality of the photometry allows for investigations that have hitherto been reserved for spectroscopic analysis. The combination of SDSS photometry and spectroscopy together will enable the resolution of a number of issues that currently perplex the quasar community. We have addressed some of those issues herein and have drawn the following conclusions.
1. Quasar colors vary signiÐcantly as a function of redshift, yet at a given redshift, the distribution of colors is surprisingly narrow. In four-dimensional color space, the colors of quasars are largely nondegenerate as a function of redshift. As a result, it may be possible to determine photometric redshifts for quasars, even at low redshifts.
2. Typical colors of quasars are consistent with a distribution of spectral indices centered on a \ [0.5 with a spread of^0.65 (95% conÐdence). We Ðnd that the scatter in the colors of quasars at a given redshift must largely be due to a range of spectral indices as opposed to a range of emission line strengths, since the scatter is mostly independent of redshift for z [ 0.5. However, strong emission lines such as Lya, C IV, Mg II, Hb, Ha, and even the j3000 bump can have a signiÐcant a †ect upon the broadband colors of quasars. At low redshift, there is a larger scatter in the colors of quasars in the blue colors. This scatter may result from a wider range of strengths of the j3000 bump in lowredshift, low-luminosity quasars, and/or the low-redshift sample may be signiÐcantly contaminated by stellar light from the host galaxies.
3. Our sample shows no signiÐcant break in the colors of lower luminosity quasars (Seyfert galaxies) as compared with higher luminosity objects. However, we do Ðnd that lower luminosity quasars are redder than their higher luminosity counterparts for 0.05 \ z \ 0.65. We Ðnd that the e †ect of using the traditional dividing line of to M B \ [23 separate the populations is to exclude all of the lowestredshift AGNs and most of those that are contaminated by stellar light from the host galaxy. However, it is unclear if this division is physical or simply observational.
4. Finally, we have discovered a statistical sample of reddened quasars. We Ðnd that the number of quasars with colors appreciably redder than the median is larger than might be expected in the absence of reddening. This reddening is probably not the result of stellar light from the host galaxy or absorption from intervening galaxies, since the reddening is not a function of redshift. Instead the observed reddening is probably internal to the quasars. Further examination of these quasars on an individual and on a group basis is in progress.
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